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I.__INTRODUCTION

The flexible pavement structural section design method used by
the Ca1ifornia Department of Transportation, which applies to
asphalt concrete (AC) over untreated aggregate base (AB) or
cement treated base (CTB), is largely an empirical method based
on pavement performance in California and road performance tests
such as the AASHO Road Test in IT1linois. The original version

of this design method was introduced over 25 years ago. However,
materials specifications, construction practices and equipment,
and design constants have undergone appreciable modification
since then. Practically all these modifications resuited in
increases in structural section design thicknesses. The net
effect of all the changes has not been fully evaluated for
pavements constructed after 1963, by which time ﬁost of the major
changes had been incorporated into the design method.

The selection of materials for roadways is dependent on factors

that are continually changing. For example, there are changes

in the composition of optimum structural sections in any given
location because of changes in costs of component materials and
construction methods. Also, the materials properties on which

the present design method is based are tied to relatively fixed
specification limits, tegting procedures, and contractor operations.
In addition, there is a wide variation in the climatic conditions
found within California. Because the resilience (elastic deformation)
of AC varies greatly with temperature (as well as with duration

of loading), these climatic differences influence the performance

of AC. Also, the resilience of subgrades and untreated bases varies
with moisture content, another in-situ variation not presently
accounted for by the Caltrans' procedure. Even though the
resilience of the AC, base and subgrade can combine to substantial]y
influence the fatigue 1ife of the roadway, the structural section
design method does not, at present, consider the combined effect

of climatic conditions on these variables. Consequently, the

—
.
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" dbjective of this research was to produce a flexible pavement
design framework capable of accounting for these variables.
It was assumed that this framework would incorporate both
~theoretical 'and empirical approaches in order to properly
account for the differences in materials, construction, and
climatic cond1t1ons encountered in California while continuing

-to apply the knowTedge gained during the use of the current
method.

" The most frequently mentiqned theoretical structural section
design approach for flexible pavement incorporates elastic layered
theory. Thus, this study included a compariseon of this approach
and the current Galtrans' procedure for the design of AC over
untreated aggregate base. In the design of structural sections
containing AC and cement treated or lean conerete (rigid) bases,
however, the elastic layer method has its Timitations. Studies
reported by ethers indicate that these rigid bases are better
considered as being of Timited size because of shrinkage cracks
and the problem of edge loading. Thus, this study included a
comparision of the present structural section design method for
AC over CTB with a Westergaard-based method which accounts for
the concentration of stress which occurs when loads are applied
near the edge of rigid slabs of Timited stze while alse incorpo-
rating elastic Tayer assumptions.

The present CaTtrans' method of rigid pavement design, which
consists of a modified versian of the PCA design procedure,
generally provides designs that achieve the design 1ife for the
“truck" Tane but consfiderably greater service lives for passing
lanes. A possible explanation for this appeared to be associated
with the method used to characterize the heaviest and Tightest
loads and the inability of the existing design method to consider
the duratien of rest periods between wheel loads. Censequently,
the use of a load safety factor that increases with traffic

WAV lastio.com o B
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density was explored. This approach was based on data from the
AASHO Road Test and modifications thereof to correlate with
pavement performance..
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II. _FINDINGS AND CONCLUSIONS

Comparison of "as-buiit" structural sections in several California
locations with "designs" for the same locations based upon current
Caltrans' procedures and based upon possible alternate theoretical
design procedures revealed the Y¥ollowing:

‘F1exib1e:PavemEnt;Désign

1. The theoretical flexible pavement design procedure examined
provides results that are different from the current Caltrans'
procedure in most cases;

2. Both the current and the theorétical procedures provide AC
designs that are conservative and, therefore, appear to provide a
factor of safety baséd on the actual performance of a selected
group of pavements that have experienced 7 to 26 years of service
prior to fesurfacing. These conservative designs are desirable
because past experience indicates that traffic often increases
both in weight and volume at a rate greater than that anticipated.

3. Both the current and the thecreticil Procedures need modifica-
tion to adequately account for climatic e¢xtremes found in Californiaj;

4, When using the current Caltrans' (gravel equivalent) design
method, the structural advantage of increasing untreated base
thickness may diminish as the base thickness increases, and

5. The theoretical procedure described herein should not be
édopted as a replacement fér the current Caltrans' flexibtle
pavement deéign procedure, It can, however, be used to analyze
the effect of proposed overloads on existing sftructural sections.

ClibPDF - wivw fastio.com 7 - o S
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Semi-Rigid'Pavement

3. The westergaard Procedure is more sensitive to loag magnitude
than the current Caltranps Procedure;

evaluation if the anticipated amount of future yse of semi~rigid
pPavement 5o warrants. These projects Should include at least
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one for which the westergaard approach is more conservat1ve

than the current Caltrans' procedure and one project for which
the Westergaard method provides a less conservative design. -

Rigid PaVémeht Design

i.  For cond1t10ns typical of the AASHO test road and many areas
within California, the AASHTO and Texas design procedures dictate

‘greater PCC pavement th1cknesses than does the current Caltrans'
“procedure for heavy traffic (high T.1.):

2. Load safety factors (LSF's) should be selected based upon the
‘magnitude (T.I.) of the anticipated traffic in the truck 1ane{s),
.and

3. Considering the actual performance of PCC pavement, the design
_period of 20 yearé now being used by Caltrans for rigid pavement
‘design should be réviewed and, if appropriate, increased.

wawy . fastio.com
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" {I1. IMPLEMENTATION

1. The theoretical flexible pavement design procedure examined
should not be adopted as a replacement for the current Caltrans'
design procedure. Its continued use is appropriate, however,
‘when analyzing the effect of proposed overloads on existing
. structural sections as the current Caltrans' design procedure
cannot be used for this type of problem.

2. The Westergaard method of semi-rigid pavement design shod1d
be used on a trial basis on portions of two or three contracts if
the anticipated volume of future semi-rigid pavement construction
so warrants. When-lean concrete base (LCB) of the quality
currently being obtained is used in lieu of CTB for semi-rigid
pavement, a 10% reduction in the thickness of the base shouid be
permitted. ‘ '

3. The relationship of load safety factor (LSF) and traffic
intensity, as indicated by the design T;I.,'should be implemented
for the design of PCC pavement. Also, design periods in excess of
twenty years should.be used whenever possible for PCC pavements.

ChihPDF - www.fastio.com


http://www.fastio.com/

IV.  PROCEDURE AND DISCUSSION

A. Flexible Pavement Design

A "“rational™ cbmputerized'approach to structural section design
developed at the University of California, Berkeley, and designated

as PSAD-2, was examined as a possible modification to, or replacement
for, the Caltrans!' flexible pavement design procedure. This approach,
which'incorporates the CHEV 5L elastic layer procedure(l), appeared

to be the most promising of the systems available. It was combined
with strain-fatigue relationships devéloped by Santucci(2) in an

- attempt to incorporate climatic and other factors not specifically

ChhPD

considered for flexible Pavement design per the current Caltrans'
design procedure. To evaluate this structural section design
procedure, twenty-three existing structural sections were re-
designed for the traffic they had been Ssubjected to prior to the

-need -for major rehabilitation and these theoretical structural sections

then compared with the existing structural sections and with structural
sections designed per the current Caltrans® design procedure and the
AASHO 1972 Interim Guide procedure for these same traffic intensities.

'The stfffness or "modulus of resilience” of AC is very sensitive

to load duration and temherature'so these two parameters were
used in order to calculate the AC modulus of resilience using
a computer program developed at the University of California, ;
Berkeley (ENG 081). Regarding time of loading, McLean(3) conducted

‘an extensive investigation into stress versus time-of—loading

relationships based on (1) laboratory tests to simulate pavement
loading conditions, (2) p?evious.research‘by-others, and (3)
elastic Tayer analysis (CHEV 5L and PSAD-2}. Figure 1 shows the
relationships developed by MclLean. The results of other studies

by Brown(i) and Dempwolff and Sommer(5) were found to be in
reasonable agreement with Mclean's conclusions, in spite of some
differences in approach., 1In additioh, the results of these studies

www.fastio.com
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indicate that theme are some ‘differences in the ‘duration of the
vertica].andihorizeﬁt&].Qtwes&eSuat"a-given:ﬂepﬁh*within1the AC.
However, McLean'indioat354thattthe vertical «and horizontaIZStress
duration is about equal at the bottom of the .upper structural
layer, which is where F@tigue-ﬁai]ure-usua]ly appears to :start

in f]exib]e pavement(g). :Consﬂweration=Was‘aisougiuen“tO'ﬁhe
effect of grade on vehicle speed .per Figure 2, vihich was :published
in reference 7., .For the .purposes of this study, @ 0.015 second
load .duration was selected for"fypical highway pavement based ‘upon
McLean's findings.

_Condﬁtﬁonﬁ.ﬂeaﬂingato'fatigwe fai]ure:ﬁn=cdﬁﬁ'negﬁoms~are
lconsidenab1y¥diff@nent,fhanaconditﬁonsfin@modeﬁwteﬁéﬁfmmtea, as
‘indicﬁ¢ndihy,$$Uﬂﬁ£$ ﬁh;pavement:near¥ﬂag$nan?Camaaan ‘Bergan

and Monﬁsmith§§9» in;a:pomparison‘o$rpﬂvememt'performance-using

~elastic layer theony, indicated that .a “Voad “duration of 0.05

seconds gavé-;heomgticaJ_answﬁms;compa%ibJe“with‘experience

when fatﬁgue‘ﬂiﬁéeWas considered. ‘This Toad duration was there-
fore .used in aha]yzﬁng two pavements in cold regions of California
that had average wmnua]-temperatures‘of»abnut 45%F  (7°0).,

Because the modulus of resilience -of tthe AC will vary as the

-temperature varies, four moduld of resilience were .determined for

the AC idin each location., ‘To accomplish this, average monthly
xemperaxures‘were‘ﬂgigrmtned for the winter and summer months,
The remainder of the year was divided finto two periods: March,
April, and November; and May, September, and October, and average

AC resilient moduli estimated for these four periods for .each

ClibhPDF -

location, The asphalt and asphalt Unncrete_wene characterized as
follows for these calculationss '

Penetratian.of recovered asphalt = 35

Ring and ball] softening point of recovered aspha1t = 129°F (54°¢)
Void content of the asphalt concrete = 59 ‘ '

10
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Asphalt content of the asphalt concrete by

~weight of the dry aggregate = 5.25%

Asphalt volume by total volume of the asphalt concrete = 11%
Specific gravity of the asphalt concrete aggregate = 2,65

To estimate a subgrade modulus of resilience for each location, the
correlation between R-value and modulus of resilience ysed by

'Santucc1(2) was employed for R-values of 10 or greater (see Figure

3). For R-values between 5 and 11, the equation Es = 1300 + 140R
was used. This is based on a correlation established by the
California Department of Transportation for CBR versus R-value

‘combined with the commonly used equation Es = 1500 x CBR., The 20th

percentile R- -value determined for 300 psi {2068 kPa) exudation
pressure was used for this calculation. It was necessary to adjust
400 psi (2757 kPa) R-values to 300 psi (2068 kPa) R-values: in

most cases. - This was done per Reference 9,

Invest1gat1ons by Dehlen(10), H1cks(11), and Menismith(12) have
revealed that fthe resilient modulys of untreated aggregate bases

is stress sensitive, the general re]at1onsh1p be1ng MR = ke

where: My = Resi1iént.modu1uS (psi)

0 = a] + 2 03 where c] is the total axial (vertical)
stress and 03 is the confining pressure

Ké&n

constants depend1ng on mater1a1 propert1es
and test conditions, -

-The above references indicate most MR values can be bounded by

MR = 5,000 x ® 0.6 and MR = 2,000 x 9 0. 5. However, data from
the San Diego Test Road indjcate that the h1gher limit was

exceeded by some subbase aggregate 1nc0rporated intoe that test

road

12 .
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In the caée of bases and subbasés for fhe structural sections
analyzed in this report, a K-value of 3,000 was assumed for

volcanic cinder subbases dnd relatively thin bases (0D.25 ft

(76.2 mm)) over subgrade while 4,000 to 5,000 was generally

assumed for the other subbases and bases in accordance with

the results of the San Diego Test Road. However, the detérmination
of the "actual® resilient moduTus of the base is an iterative process
$o a dual wheel having a total load of 9,000 1bs (4081 kg) and tire
pressure of 70 psi (483 kPa) was assumed to represent an equivalent
18,000 1b (8162 kg) axle load and each of the 5 Tayers (infinite
depth of subgrade plus the structural section divided irto 4 layers)
was described by an initial elastic modulus and a Poisson's ratio.
For the linear elastic AC Tayer, K = E and n = 0, while the values

of K and n for the granular materials were assumed as previously
described. The initial elastic moduli of the granular base layer
was a rough approkimation. In the computation, the average modul i

of the granular bases was then calculated and compared to the |
modului originally assumed. If these values differed by more than
2.5% a new modulus (the average of "assumed" and "calculated” values)
was determined and a new set of stresses and deformations computed.

. This iteration was coritinued until the difference between medulus

assumed and modulus required was less than 2.5% or until 6 "iterations"
were completed. Then the calculations to obtain stresses, strains
and deflections were completed.

Santucci(g) has deve]oped'a fatigue criteria chart for AC (Figure

&) which- relates tensile strain at the'bottom of the AC Tayer to
number of repetitions to fai1ure based on the stiffness (moduius
of resilience) of the AC. These curves are based on laboratory

- tests with an allowance for crack propagation. W. van Dijk(6)

ClihPDF -

determined from laboratory wheel tracking tests that the number
of cycles required in the laboratory to develop cracks should be
multiplied by 3 .to allow for fie]d'crack%propagation to the pavement

14

wivw fastio.com


http://www.fastio.com/

v 3YN914

SIAXIN LIVHISY G3I4ISTNNI B LTVHISY ¥04 VIN3LIN0 3N9ILVS

tzv 3¥N7Ttyd OL SNOILIL3d43d JO ¥38KWNN

olg 9 o8 9 b 2 018 9 b 2 goi8 9 b 2,018 9 b 2 <Ot
TTTT 1 [TTT T T 171 1 [TTT T 1T 1 T T T T T 1T 1 T [T T T T T 1 T ol
- pd¥ ¢689 = 1sd QOO -2
B %1l =|OA ‘ydsy = 87 i
% G = SPIOA 11V = AA N
— )
- o>
” {18
l
m
.z
x @B
" N
Sm
fo2
- 24
=2
L s
2
B Z=z
— 7
- 000"
>
_ o
- v
- -9
- -18
b S T O .,.__:_._ 1 H T T O T Y. 1 I O OO A R | ] I O O S | | 000'01

15

www.fastio.com

ChhPD


http://www.fastio.com/

 Usurface for California mixes. This factor of 3 was applied by

ClibPD

Santucci to Chevron laboratory data to obtain this chart (Figure
4). J. F. Shook found that Santucci's relationship agreed
reasonably welllwith the performance of pavements in the San Diego
Test Road(13). These Pavements generally had an AC pavement thick
enough so that the contrelled stress flexural loadjing relationship
(as was used for Santucci‘'s fatigue criteria chart) was considered

applicable.

fHowever, among the pavements analyzed in this study, there were

some cases where thinner AC and/or higher pavement temperatures

~could cause the flexure of the pavement to be more characteristic

of a controlled strain mode. It 9is generally agreed that the
fatigue 1ifg of AC 1is consjderably longer when flexural repetition
is .characterized by a controlled Strain mode than by a controlled

stress mode.  In laboratory tests by Monismith(12), for a specific
dnitial bending strain, the difference in fatigue 1ife_dan be

characterized by a factor higher than 10. For the controlled
strain flexure tests, the repetitions were counted up to a 50%
reduction in stiffness, which was considered to be failure.

Monismith, in his study of fatigue modes(8), concluded that the
controlled stress mode of loading is generally characteristic for

thicker (6 inch (152 mm)) lTayers of AC pavement while the controiled

strain mode of loading generally is predominant for thin {2 inch

- (51 mm)) layers: of AC, Consequently, he proposed a method of
characterization of type of toading called the "mode factor" (MF)

; - [A/- /B
ﬂhere MF 787 T /87

and: A % change in stress due to a stiffness decrease of

B

% change in strain due to stiffness decrease of C
% stiffness decrease; for purpose of this study =

strain +1, In this study, the controlled stress mode appeared to
be effective.in determining pavement 1ife for mode factors less

16
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than ~0.10. For MF values greater than -0.10 it was found that
controlled strain became sufficiently influential to substantially
increase the 11fet1me as the MF increased. A conservative
re]at1onsh1p was developed for this comparison between mode factor
and "shift factor" and is shown in Figure 5. This relat10nsh1p
was used to determine a prudent shift factor for the allowable
repetitions determined by Santucci's fatigue relationship (Figure
4) when average mode factors g&eétér than -0.10 occurred, meaning
that the controlled strain mode began to take effect.

The vertical subgrade strains have also been related to pavement

~life in a study sponsored by Shel1(14,15) as shown in Figure 6,

Thus, the vertical subgrade strains were also calculated and used
to determine‘allowable repetitions of vertical subgrade.strain to
pavement failure. '

To evaluate this structural section design procedure, twenty-three
existing structural sections were re-designed for the traffic they
had been subjected to prior to the need for major rehabilitation
and this theoretical structural section then compared with the
existing structural section and with structural sections designed
per current Cattrans' and AASHO 1972 Interim Guide design pro-
cedures. Based on the four AC moduli of resilience determined

for each Tlocation, the PSAD-2 method was used to determine the
tensile strain at the bottom of the AC layer and the vertical
strain at the top of the subgrade under a 9,000 1b (4081 kg)

dual wheel loading. For each of the four moduli of resilience,

the tensile AC strain was compared to Santucci's fatigue criteria

.chart (Figure 4) to determine allowable repetitions. The pre-

dicted Tifetime of the pavement in EAL‘'s (equivalent 18,000 1b
ax]e ]oads) us1ng 4 different moduli of resilience is
4/ ( — + % ) where A, B, C, and D are the repetitions

to fa1]ure from Santucc1 s chart {(Figure 4).

17
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“Santucci has also deﬁeﬂoped a correction factor for air voids and
asphalt volumes different frem those assumed(2) based on data
.presented by Pell and Cooper({16) and Epps{17). The adjusted
fatigue Tife was calculated és follows: N

¥

, | 5
= [4.84 (yv——F =~ 0.69)]
N =N x 107 V.V,

where N = adjusted fatigue life, N. = fatigue 1ife (in EAL's)
from Figure 4, V, = air void volume, and Vg = asphalt residue
volume. This correction can be rather severe. For example,
d@ 2% increase in v, can decrease Ne by 59%. Shook(13)
reported that this correction would have indicated a fatigue
1ife somewhat in excess of those observed in the San Diego
Test Road feor pavements with void ratios greater than 5%.
However, it is probable that higher void contents have a more
“serious effect On performance of pavements in coastal regions
of high humidity such as San Diego or in colder climates than
in the dry desert regions. Research by Schmidt (44, 45)
indicated that the moisture content of AC induced by 95%
relative humidity can decrease its modulus of resilience
equivalent to the effect of a 40°F rise in temperature, and
‘he suggested that this in combination with the condensed
water can cause acceleration of the structural damage to the
pavement. Based on his research, Schmidt recommends: 1)

an increase in asphalt content and decrease in void ratiao,

2) cement or lime treatment of the aggregate and/or 3) emuision
treated mixes with reasonable void ratios to mitigate the
effects of moistuPE'and/or freezing and thawing.

Table 1 shows a comparison between the actual structural sections
constructed for several California pavements, the theoretical

- structural sections required by the elastic layer method described
above (using .Santucci's relationship for tensile strain and the
SheI]‘criteria for vertical subgréde strain), and the structural

20
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present Ca11forn1a des.ign methodn The estimated traffic

index pr1or to constnuctuon a.f the f1rst Qverlay Wwas used
for these ca]culat1ons. ' '

The e]ast1c layer method prov1ded structura] sect10ns mare

~similar to those actua]Ty»constructed than did’ the current
Caltrans' procedure in -most cases.  The present design method
using R-values for 300 psi (2068‘kPa) exudation pressure,
‘however, appears to pr0v1de answers that agree more closely with
the. performwnce of the four pavements mm theahottest area (see

Sites. 20~ 23 Table 1) whille the elastiic Iayer design, as presented
in th1s study, requ1res th1cknesses of AC considerably greater
than those needed. Howewer, some- research(P1 » L&, L%) indicates

- that 'the efastic layered theory is- 1ess gppropriate at higher
- temperatures and, tmerefere, this faet. must be taken into con-

sideration when des1gn1ng pavement in areas such as Brawley and

- Indio which have average annual temperatures of approximately

72°F (22°¢€). It is poss1b1e that Santucei's tensile strain-
fat1gue re]at1onsh1p is too conservatrve for warm cl1mates where

‘viscoelastic flexue appears to egcur. ‘It therefore appears that

additional research s needed to detarmine the necessary modifi-

‘cations for the hotter regions Qflﬁalﬁﬁ@maia‘

‘In regions where annual freezing and thaw1ng c¢ombined with moderate

rainfall occurs, it is necessary to especially consider the effects
of these changes on the subgrade if the elastic layer method is to be

~used properly in the design. Studies by Bergan and Monismith(8) made

on pavements in Canada revealed that for these colder climates, a
load duration of 0.05 seconds to determine stiffness of AC for the
elastic layer analysis geve results that were indicative of the

performance of these pavements so, as stated previously, this load
- duration was used for ana]ys1s of a pavement in Bridgeport in Mono

County (Table 1 - Site 15) " The tensile strain versus allowable
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repetitions re]at1onsh1p used in the Canadian study was based on
repetitive flexure to initiation of crack1ng and did not consider
crack propagat1on. This type of test is probably more characteristic
of pavement in very cold climates. The extremely moist subgrade dur1ng
the thawing period, the cold temperature cracking of the AC, and frost
heaving could all combine to significantly influence crack propagation
rate. The average annual temperature in this area is about 43°F o
(6°C) and the average annual rainfall is 9.5-inches (228 mm), both
of which are. considerably less than those for major portions of
California. The results of the rational design agreed well with
performance.

Pavements near Bieber and Lassen National Park in Lassen County,
where average temperatures are also about 43°F (6°C) and the average
annual precipitation is 23 inches-(585 mm), were also analyzed. The
corresponding figures for Regina, Canada, where the aforementioned
study(8) was made, are 36°F (2°cC) and 17 inches (432'mm). Since the
'rainfall is somewhat greater in Lassen County than in Saskatachewan,
Canada, the effect of frost heave and freez1ng and thawing due to
moisture in the subgrade in Lassen couId be more severe than that in
'Saskatchewan.. For this reason, Santucci's curve (Figure 4) was
modified for this condition by dividing the allowable repetitions
by 3 to represent the initiation of cracking. Table 2 shows a
comparison of the actual traffic Tife before overlay and the
theoretical fatigue life considering constant subgrade MR for R-value
at 300 psi (2068 kPa) exudation pressure. These results indicate
‘that the theoretical EAL's to failure would be considerably greater
than the actua] traffic for the two cases where freez1ng and thawing
occurs if the allowance (factor of 3) for crack propagation assumed
by Santucci is used. Table 2 also shows the structural sections as
bu11t in Lassen County and the structural sections as they would
" have been designed (for the traff1c carried) using the present
California design procedure. These structural section designs
were very similar. It was then assumed that the modulus of re-
silience of the subgrade in Lassen County would vary, due to
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the effects of freezing and thawing, in a way similar to‘thaf
at the Canadian location. Benkelman beam deflection profiles
had been obtained for measurements taken during the time the

Saskatchewan road was in 0perat10n and then used to determine

subgrade modufus. by analytical techniques (CHEV 5L). Results
of these determinations are given in Table 3. ‘This data can

be considered on]y as a rough approximation because of the
assumpt1ons that were then made such as an AC Mp of. 300,000 psi
(2068 MPa). Similar variation in subgrade Mp was assumed to

analyze the pavements in-Lassen County by the elastic‘layer method

assuming the highest MR va?ue just prior to freezing corresponded

to the theoretical My for R-value at 300 psi (2068 kPa) exudation

pressure. The ratio of the actual versus the theoret1ca1 EAL s
was 1.12 for Route 299 and 3.94 for Route 44. Thus, th1s
assumption of variable subgrade modulus also resulted in somewhat
inconclusive results regarding the applicability of the theoret-
ical procedure to cold freeze/thaw regions.

Per Table 1, the present Caltrans' design procedure would have
provided an 1nadequate AC th1ckness for four of the twenty-three

"structural sections (Sites 9, 13, 22, and 23). In all cases, the

structural section dictated by'the theoretical approach under

study here would have apparently been adequate. In addition, the
average AC thickness per the theoretical approach for these twenty~
three structural sections was 144% of that actua]]y constructed,
whereas the current Caltrans' design procedure would dictate AC
thicknesses for the nineteen "adequate" structural sections that
would be 187% of that actually constructed. Interestingly, use

of the AASHO procedure resulted in average structural section
thicknesses 106% of that actually constructed. However, the

.standard deviations of the differences between the as- bui]t

thicknesses and the thicknesses obtained using the three design
procedures were 0.157' for the PSAD-2 design, 0.227' for the

1978 California procedure, and 0.235" for the AASHO procedure, -
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Table 3

Determination bf‘the Subgrade Modulus

Regina to Lumsden

1969 Deflegtion inches Subgrade Modulus
Month_ | X+ 20 psi.

- April .. 0.035 5800
May 0.054 | 2850
June ' . 0.0525 . 3200
July | 0.0435 4300
Avgust 0.0365 o ' 5500
September ~0.030 7100
October ‘ ‘ 0.027 : 8400

Resilient modulus of subgrade determined by u31ng the CHEVSL
Program with deflection oontrols.

Other parameters: - Stiffness of asphalt concrete -~ 300,000
psi.
Base and subbase parameters as determined
in Chapter 6, Ref. 8.

L 28
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thus 1nd1cat1ng that the PSAD-2 procedure provided better est1-
mates of the AC thicknesses actua]]y needed then did either
method. The "excess" thickness per the theoretical approach:
may have been 1ess, at least in some cases, if the design had
been adJusted for average in-service void contents. Because
of the lack of field data for these pavements, na adJustment
of the assumed 5% AC void content could be made. The data

" indicates that, in most instances, the design AC thickness using
'efther'approach would be excessive. There was occasional good

‘-agreement between the results of the PSAD-2 and Caltrans'
methods (see Sites 2, 5, 13, and 19) and several examples of
very poor agreement (see Sites 6, 7, 9, 15, 16, 20, and 22}.

In two of the design comparisons (Sites 9 and 13), the California
flexible pavement design method did not provide an adequate
structural section and for the other two (Nos. 22 and 23), the
design was marginal. Because of the steep slopes at Cuesta Grade
{which, atcording'to Figures 1 and 2, correspond to 0.05 sec

load duration), the required thickness of AC determined by PSAD-2
was equal to.that provided for the traffic it carried, while

the current Caltrans' design method would have provided a very
inadequate structural section for the actual traffic carried.
Also, the comparison of the two design methods 1nd1cates that

the gravel equivalent method is not always adequate to charac-
terize thick ﬁntreated base Tayers.

One of the- s1gn1f1cant f1nd1ngs of the San D1ego Test Road was
that the untreated bases (for a given thickness of AC surfacing)
- failed "in inverse order of their thicknesses. Performance data
on the Brampton Test Road(20) and elsewhere(21) in Canada
“verified that increases in untreated base thicknesses often
resulted in poorer performance. Finn has concluded in reviewing
var1ous rational design methods {22}, that the PSAD-2 method is
one of the best anaTyt1ca] pavement design tools in current Use.
Using the PSAD-2 method of analysis to character1ze the bases
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“of the San Diego Test Road, Hicks and Finn(23) confirmed that

maximum asphalt tensile stra1n could 1ncrease with th1s increased
base thickness.

In a compariéoh of the AASHd 1972 Interim Guide flexib]e'pavement

~ design method with performance at the San Diego Test Road, it

was determined that the AASHO design would have prov1ded a con-

.-.fservat1ve structural section for about 80% of the pavements
‘tested. However, the maximum equ1va1ent TI for the San Diego
“tests was 7.5 while the Tl range for the pavements analyzed in

this study was 7.8 to 12.2. A comparison of the required

‘structural sections as determined by the AASHO Interim Guide
{(1972) with the sections as ‘placed indicates that it would have

provided conservative answers for only 57% eof the pavements

described in Table 1. For five of the seven "full depth" AC

test sections, the AASHO design method gave conservative designs.

However, only one of the other eight structural sections that

'-”would have required an AC thickness less than that furnished

had less than 1.5 ft of total base. This is an 1ndycat1on that

~ the layer coeff1c1ents ("a") for the AC appear to be reasonable

for this design method when used for AC constructed per current
California standards, but the respective layer coefficients appear
too Tiberal for the aggregate bases (AB) and aggregate subbases
(ASB). The layer coefficient of AB is about 1/3 that of AC for
the AASHO method, while for the California method, the ratio

‘of the gravel equivalent of AB to AC is about 0.55 for a TI of

8. Therefore, the AB to- AC equivalency rat1o is 67% higher for
Ca11forn1a design than for the AASHQ method, making it even more
liberal for the 1ayer equivalency for aggregate base when compared

" to that of AC. This 1s another 1nd1cat1on that the California
o gravel equ1va]ent method for structura1 sectlon design, though

ChiiPDF =
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conservat1ve, does have ]1m1tat1ons._
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Generally, the current Caltrans' procedure provided the thickest
AC in those instances where the agreement between design and
as-built structural sections was poor. The theoretical design
method generaily appears to givé a somewhat more reasonable
structural section design for Ca]iforhia'pavements than the
present method, except when very hot ( 70°F) or very cold ( 50°F)
cTimates are encountered. These climatic extremes are also not
_taken into account by the current Caltrans' procedure.-' '

- The comp]exity-and, presumably, the cost of the theoretical
. fiexible pavement‘design procedure would be considerably greater
than that of the current procedure, when taking materials testing
costs into account. Also, the compar1son presented herein was
based upon data obta1ned using numerous estimates and assumpt1ons
of as-built material's characteristics that were not available.
In addition, it appears as though more research needs to be con-
ducted to determine the effects on pavement performance of void
ratio, freezing and thawing, viscoelastic flexure, age hardening
and excessive moisture in AC. This information is needed to make
“the elastic layer design method more responsive to the variations
in aspha]t, construction methods and climate in California. For
these reasons, plus the fact that both the current and the
theoretica] procedures appear to provide Somewhat excessive
“thicknesses, adoption of the theoretical procedure 1n lieu of
the current procedure for routine design does not appear to be
warranted. The theoretical procedure does, however, provide
a method to use when analyzing the ability of an existing
_ structural section to support over]oads and it could be used
. for these problems.

B. . Semi-rigid Pavement Design

Thé most recent research on cement treated base (CTB) in the U.S
Great Britain, and South Africa(24,25,26,27) indicates that in
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“ pavement consisting of AC over CTB, generally the strains in both
~the AC and subgrade or subbase are Tess than the safe working

values, and, therefore, the stresses and stratins in the cement

_treated layer are the Timiting values. An investigation of the

'"performance of cement treated bases in Ca]ifornia(gg) indicates
‘that pavements that had CTB with higher compressive strength tended
to have less block cracking, thus supporting this contention.

In many of the design procedures involving CTB or lean concrete

“base (LCB) paVemehts. it is assumed that there is load transfer

at the shrinkage cracks in the CTB o LCB. L. D. Childs of the

~PCA(29) indicates that there definitely is load transfer at the

transverse joints of non-faulted rigid pavements even when no

~dowels are used, Also, the PCA design method for airport pave-
~ments relies heavily on this load transfer at the joints. Con-
~siderable work in the finite element method of design for rigid

pavement has been done by Y. H. Huang and S. T. Wang of the

e‘Un1vers1ty of Kentucky(30). Their study indicates that in
-~ pavements where the outer face of the tire is near the edge,
othe most critical stress occurs at a con51derab]e distance from

the joint if load transfer is prov1ded at the joint., Studies

. at the Un1vers1t1es of California(31) and I11inois(32) verify
“this. The stud1es at the Universities of Kentucky(30) and

- I11inois(32) both suggest edge stress be used in the design of
“yrigid pavements. The results of the I1linois study indicated
‘that although only 5 te 10% of the wheels pass within 6-inches
.of the slab edge, they ‘account for the ma30r1ty of the fatigue
';damage. :

‘The characteristics of-a,pavemenf‘héving a thick layer of CTB
or LCB under an AC surfacing would seem to be more related to

“rigid" pavemenf-than_to'"f]exible" pavement. For this reason,
the-c1assicai'theory of thin rigid plates on "Winkler" foundations
as 'employed by Westergaard{33) appeared to be justified for these
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pavements. This assumption was used by Huang and Wang(30) in
developing the finite element solution and the results agreed
with results 0bta1ned us1ng the westergaard method and exper1menta1

‘measurements from the AASHO road test.  Repeated short- duration
- Toad tests on cement stabilized 5011 slabs by M1tche]1 et 31(25)

and Fossberg(B]) 1nd1cated that finite element or e1ast1c 1ayer
analysis could be used to accurate]y calculate interior Joad
stresses and strains based on material properties determined from
laboratory repeated 1oad tests on.- undisturbed specimens taken . from.
the.pavements, Mitchell's studies also show that ten511e stresses -
determined by the Westergaard theory check closely w1th those
determined by the elastic layer analysis. These studies also
indicate that loads placed 2 feet (635 mm) or less from the pavement
edge will result in larger stresses than those occurr1ng due to

interior wheel loads.

An 1nvestlgat1on of cement treated base performance in Ca]1forn1a(28)
indicated that block cracking in the pavement was significantly

reduced by extending the CTB at Teast 1 foot (293 mm) into the shQulder.
Cracking was most prevalent near the outer wheel track. Diagrams

of cracks in the thicker concrete pavements in the AASHO Road

Test also seem to indicate cracking began at the edge of the pavement.
L. D. Childs'(29) results also support extending "cement treated soil"
base 1 foot (293 mm) beyond the edge of concrete pavement. These facts
would seem to justify the assumption that the critical flexural stress
is dependent on the proximity of the outer wheel to the edge of the
structura] section. '

The results of compressive strength tests performed on a construction

project near Compton(34 - see Table 4) were used to obtain comparative'.'

strength and st1ffness data for design comparisons between CTB and-:

LCB based on the Westergaard method of design. To provide a safety
factor for the design, the 20th percentile 90 day compressive strength
(the stress which 80% of the 90 day cores could sustain without
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Table 4

COMPRESSIVE STRENGTHS (psi)
(L0G psi = 689 kPa)

Field Fabricated Samples Cores from Pavement
7 day , 28 day 28 day 90 day
6" x 6" Samples : . LCB 5" Cores
149 245 610 590
157 245 ' 642 ' 610
16l 252 663 645
384 o ~ 549 : 668 . 715
385 _ - 570 683 750
388 . 577 : . 894 775
399 . 577 - 705 865
405 605 ' 711 900
412 : ' 629 . 716 900
455 654 : 764 935
465 685 : : © B8e 945
4639 . - 892 o 1061 220
.Avg. 352 oL 523 o : 734 802
4" x 4" Samples , : CTB 5" Cores
© 732 931 504 465
740 995 509 475
. 909 : . 1011 ' 509 555
1916 1019 S 512 555
920 - 1074 230 560
956 1074 ‘570 615
963 T 1082 o . 594 615
390 ' 1106 : 647 - 685
1000 1106 : 647 - 705
1032 ‘ 1170 - 700 790
1052 ‘ 1210 - .. 748 815
-~ 1059 1281 o 870 985
Avg. 939 - - 1088 ‘ - 6l2 - 652

. Note: 1" = 25.4 m.m
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fafiure) was used. Th1s was determ1ned to be 550 psi (3792 kPa) for
the CTB and 660 psi (4551 kPa) for the LCB.

In determ1n1ng ‘the stiffness of the LCB or CTB, the emp1r1ca1

formula E f 33(w)1 -5 VG?T'was used, W heing the dens1ty of the
base and f.' its unconfined compressive strength J. K. Mitchell,
who has done cons1derab1e test1ng of CTB, states that the flexural
strength of CTB is between 25% and 35% of the compress1ve strength
and presents a formula for flexural strength which is ]/2(f ')0 88.
Using these relat1onsh1ps, the stiffnesses and flexural strengths
of the LCB and CTB used in this study were calculated as follows:

Elcg = 33 (W)']'s\/fc' = 33(146)"5 660 = 1,5003000 psi (10,342 MPa)

172 (660)2-8% = 152 psi (1048 kpa)

o ie 100.88 _
fb'LCB = 1/2 (fc ) =
= 33 (W)]'B\/fc' = 33(138) 1% 550 = 1,250,000 psi (8618 MPa)
fplerp = 172 (£.")%88 = 129 psi (889 kPa)

The stiffness of the AC surfacing Was determined using the same
program used for the fléxible pavement analysis described previously
and the AC and CTB then considered a composite section. Four different '
AC stiffnesses were used for each pavement corresponding to seasonal
variations. Fossberg(B]) found good agreement between measured and
calculated stresses and strains when assuming composite action and
using finite element and elastic lTayer analysis. Otte'(27) a]so
suggests that the assumption of composite action is appropr1ate.

Aliowable repetitions for varijous CTB stress ratios (ratio of
flexural stress to flexural strength) presented by Pretorius,
Mitchell, and Otte' (24,25, gz) agree closely with the conservative
relationship preSented by PCA for concrete. The stress ratio

suggested for 100 repetitions by PCA was 80% whereas for 106
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 fépét%tions it was 50% Bﬁsed on the findings of these three authors.
The plot of stress versus repetitions to faiture for CTB and LCB
“derived for this study is shown in Figure 7. The stresses in the
LCB or CTB were obtained from the influence chart for moments at
the edge of a rigid pavement (published by PCA) based on the

" Westergaard rigid plate theory.
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Pavément polishing as revealed by studies in California show the.

~ outer wheel path to be between 2 and 3 feet (0.61 to 0.91 m) from
‘_the edge of the traveiled way. However, in order to provide a

suff1c1ent1y conservative model for design, it was assumed for
this study that the edge of the. passing dual wheel tire was 6
inches (152 mm) inside the edge of the travelled way, or 18 inches
(457 mm) from the edge of the CTB layer since it extends 1 foot
(304 mm) outside the travelled way. It was assumed that this load
location would provide a factor of safety sufficient to compensate
for temperature stresses even though Mitchell1(25) states that

generally temperature stresses do not affect the fat1gue 1ife

appreCIHbTy.

‘Basically, the Nestergaard edge Tbadihg design procedure is similar

to the PCA concrete pavement design method now in use in California,

The CTB tensile stresses are determined for each axle load considered

and the percent fat1gue res1stance attr1buted to each axle load

determined and summed up according to Miner's rule. In order to

check the proposed'deSigh method, theoretical designs were developed

~and compared using estimated traffic intensity for some of the
AC/Class A CTB pavements 1nc1uded in the 1968 California Division
“of H1ghways study(ggj and some other similar pavements with more

recent traffic patterns and longer pavement lives. The results of

this effort are shown in Table 5. This tab]e ;also 1nc]udes designs

prepared using the present Caltrans' des1gn method In order. to

~-get a true comparison, it was necessary to adjust ali except one

of the original R-values (which were determined on the basis of
-400 psi (2757 kPa) exudation pressure) to R- values at 300 psi

'.(2068 kPa) exudation: Pressure per Reference 9 when developing

ClibPDE -

designs per ‘present Ca]trans cr1ter10n. -In addition, an unconfined

compressive strength of 750 psi (5169 kPa) was assumed for the CTB

and the traffic. pattern used in the Westergaard approach for the

‘pavements overlaid before,196$ (Table 5) was assumed to be similar

to that taken from Caltrans' loadometer data (A11 Main Rural) for

.-1962." . For_ the more recently ovar1a1d pavements, more recent traffic
patterrs were used ' '
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The average thicknesses of CTB required per the present'design method
'15 about 3 inches (76 mm) more than that required by the Westergaard
method. The CTB thickness required by the Westergaard method is
,‘an-average of one inch. (25 mm).mbreﬂthan the as-built CTB thickhess.
If CTB having the strength required'by present specifications had
been used for those pavements built before 1960, the average difference
between the as-built and design (Westergaard) thicknesses would have
“been even-grEater than 1~inch (25 mm) indicating that both methods
appear conservative for the traffic loading of the 1960's. However,
the present design method would have provided inadequate structural
sections for pavements in Tehama County and Mendocino County (Sites
21 and 19). The pavement in Tehama County, which contajned the
higher strength CTB, carried the heaviest traffic included in this
study and is the most'characteristic df more recent, heavier loading.
The pavement in Mendocino County also carried considerably heavier -
1dads'ih the later years of its 1ife. These two pavements also had
th1ck aggregate subbases, which may not be as effective structura]ly
‘as indicated by the present design method.

Traffic indicies (TI's) based on EALs (equivalent 18,000 pound
(8162 kg) axles per the California flexible pavement design criteria)
were used in Table 5 in order to relate the present design method
to the Westergaard method. The present design method characterizes
the EAL's for any axle load as ( )4 2, where W is the weight of
the axle in question. ,Mon1sm1th(§§) describes the repetitions to
~.fatigue failure by laboratory test for California AC as being
approx1mate]y -inversely proportional to the initial bending strain
cubed (e ) whereas Pretorius(24) determined an approximate 1nverse
proport1ona11ty for CTB of e20 from flexural laboratory tests.
From these relationships, it can be seen that the Westergaard
des1gn method for AC/CTB pavements should become more conservative
than the present method as axle loads 1ncrease.
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“In order to iliuefkate the effect of an increase in ax]e loads

as rejated to structural sect10ns required under the present
and the theoret1ca1 design method, a comparison of the two

"structural section design procedures is shewn in Figure 8. The

modulus of res1]1ence of the AC was assumed to be 500,000 psi
(3450 MPa)

Examination of this comparison indicates, as. did the data in

Table 5, that the present design method dictates the use of a

considerably greater thickness of CTB than does the theoretical
method at the more common ‘higher TI value$ now being encountered

< i.e., heavier traffic. Because the @erformance data in Table
" 5 indicates that the thicknesses provided by the theoret1ca1

method would be adequaxe, this suggests that as traffic becomes
heavier, the theoretical approach wilil become 1ncreae1ng]y more

_attract1ve.

‘The's1ope of'the-iheoretﬁcal curves is similar to that obtained
usﬁng-the‘PCA design method(gﬁ)e which s based on fatigue data

obtained from repeated loadings eppﬂied to CTB slabs as interior
loadings rather than edge loadings. The flexural strength for the

~ CTB composed of aggregate and 7% cement in the PCA tests was similar
- to that assumed for the Class A CTB comstructed under present
- Specifications. A comparison of the theoretical (Westergaard)
‘ ~design method and the PCA design method is shown in Figure 8, It

ClibhPDF -

can be seen that for both designh methods, the slope .of the curves
for given subgrade support values is approximately the same and
that the theoretical appreach under consideration will provide

greater thickness for any given fraffﬁc'densﬁty. The resu]ts on

Table 5 1nd1caieu however, that these larger thicknesses are
approprlate. ’

As the traff1c pattern becomes more dense and the Toads dincrease,

the shortening of rest per1ods between 10ads can shorten the 1ife
0f concrete pavements cons1derwb]y, accord1ng ‘to laboratory flexural

fatigue tests by H1lsdorf and Kesler(37). ~They also determined that
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"Miner's ruTe", which is used for fatigue ana1y$es‘by the
Westergaard design method, may give unsafe values for fatigue
analysis when heavier axle 1oads~are considered. Since CTB and

'LCB are closely related to concrete, these findings should be
'considered "For this reason, the sens1t1v1ty of the westergaard

design method to 1ncreases in traffic loads may not be adequate
However, within the range of TI's inciuded in Table 5, th1s
sensitivity appears to be satTSfactory.

'A_comparison of the thicknesses of CTB of LCB required by the
Westergaard design method under a typical AC surfacing is shown in

Figure 10. It can be seen that by the use of LCB, the thickness
of the treated base can be reduced about 10% for the same traffic.
Thus, it would appear to be desirable to use LCB instead of CTB.

The use of a constant "gravel factor" Gf for CTB or LCB for
structural section design as is now required by the current
Caltrans' method does not appear to beé appropriate. Nussbaum and

"~ Larsen(38) state, "A comparison of load capacity based on equal =~

deflections for soil cement and granular bases showed that the
ratio of so1l cement to granular base load capacity was about

1.5 for a 4 inch (102 mm) thickness and about 3.3 for a 10 inch

(254 mm) thickness. In addition, the use of a constant Gf

- -regardless of strength is another poss1b1e reason for the apparent]y

conservative results provided by the Caltrans procedure. It is
entirely possible that the strength of much of the CTB included 1n‘
the structural section described in Table 5 was considerably in
excess of the minimum values assumed for design purposes. The
Westergaard design method, which consists of a fatique design

method which is stress related and can accommodate the strength

and stiffnesses provided by the structural materials actually be1ng
used, seems to be preferable. This theoretTca1 method may also be
app11cab1e to lime treated base if the flexural strength, st1ffness,

~and flexural fatigue response, based on Stress Tlevel, can be
" predicted with reasonable accuracy.
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Thus, for pavements composed of AC over CTB or LCB, the Westergaard
method of analysis for edge 1oadfng, based on flexural strength:
and stiffness of CTB and stiffness of AC ‘using predicted ax]e

loads in-conjunction w1th Miner's rule to determine fat1gue
response, appears .to ‘be an improvement over the present design
method. The Westergaard method provides a structura] section .

pdes1gn that gives layer th1cknesses that agree better with pavement

performance than the method now used. The present method is
generally more ‘conservative for the pavement patterns of the 1960‘$.

"~ While the Westergaard method is less conservative for the past types
of loadings than the present method, it agrees better with pavement
‘performance. For the present and future cons1derab]y heavier lodd-

. ings, the westergaard method will provide pavement designs that ane

in reasonable agreement with test loading data from field, Iaboratory,'

~and analytical research.

C. Rigid Pavement Design

There are several theoretical procedures that have been utilized
to analyze rigid pavement for purposes of design. The first‘one
extensively used was that by Westergaard incorporating the theory
of eTasticity.' This method was later expanded by the Portland

Cement Association (PCA) and is currently used by California as

well as many other states. Burmister s elastic layer method that
is sometimes used for flexible pavement design is not used extensively

for concrete pavement design since it considers the pavement layers

to extend horizontally an infinite distance and has no way of
d1rect1y considering edge or corner ]oad1ng which has proven to
be cr1t1ca1 for rigid pavement des1gn.

The finite difference method, as introduced by Hudson and Matlock(39),

has been utilized by the Texas Highway Department to some extent,
This method involves using differential equations to determ1ne

'traff1c 1nduced_def1ect1ons, stresses, and strains in the concrete

for given structural sections. The finite element method requires
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“similar assumptions and is another theoretical analysis that has

been used to some extent in research at the Universities of
California, Kentucky, and I11inois with regard to rigid pavement.
Both of these methods are more complex than the Westergaard design

imethod or the PCA method.

Thefaforementioned analytic méthdds are based on controlling the
concrete siress - the object being to keep the stress in the concrete
slab below a certain level to prevent crack propagat1on. However,

. not all cracking is considered preventable (joint cracks, cracks

caused by thermal contraction and drying shr1nkage, and stress
generated by uneven base support). Though cracking due to over-
stress1ng or fat1gue is very undesirable, it is not the only state
that should be considered when designing a r1g1d pavement system.

Three possible manifestations of pavement distress that must be

‘considered are rupture, d1stort1on, and disintegration. These
‘manifestations are functions of load, environment, construction,

- maintenance, and time.

7

- The AASHO Road Test conducted in Ottowa, I11inois, between 1958

and 1960 was the most camprehensive effort made to date to evaluate
pavement under repetitive loading. A semi-empirical method of design

for concrete pavement was developed from AASHO test data that is

used as the main-basis for concrete pavement design in Texas, Illinois,

‘and many other states. The AASHTO method aad the PCA method are

- generally considered to be the two best pract1ca1 methods available

ClhihPDF -

for design of rigid h1ghway pavements,

The fo]lowlng are the main inputs for the PCA method of des1gn.

The concept of concrete fa111ng due to fatTgue is fundamental.

‘1. 'The subgrade is characterized by "modulus of subgrade

reaction”, or "k" value, based on def1ect1on .under a plate load.
An increase in this "k" value due to treating the subbase is
ca1cu1ated using correlat10ns which are based on Burmlster s
ana]ySTS of a two~layer system.
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2.  Traffic is projected with the help of standard charts
using design 1ife and a yearly rate of traffic growth. (Un-
fortunately this design input often varies cons1derab1y from

' subsequent actual traffic. )

3. Different load safety factors (LSF's) are used for various
types of fac111t1es. These LSF's he]p account for various support
cond1t1ons, weather. etc. '

4, The maximum stress, assumed to occur when the load is at
the joints or edge, is determined from charts developed'for
both single and tandem axle loads. These charts are prepared
from influence charts developed by Pickett and Ray assuming no
1oad transfer at the joint.

5. The fat1gue life "used“ by each load group is computed and
these values then summed up to ensure that the total fatigue
resistance of the pavement is not exceeded dur1ng the design
life of the pavement. This method of fatigue summation for

~the various loads is ca]led the "H1ner rule".

'The advantages of this PCA method are as follows:

1. The stresses under load can be calculated with reasonable
accuracy and these stresses then used as a basis for design.

2. The effect of loads of vary1ng magn1tudes at var1ous

iocat1ons, i.e., edge loading or interior 10ad1ng, can be
considered,

3. Pavements designed by this method usually perform'adequately
in terms of ]oads carried versus ca]cu]ated load carrying

~capacity.
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'J”Théfdiéadvanthges‘cf the PCA method as determihed‘by experience
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in California and indicated by laboratory test results are as
follows:

1. Unbalanced désign - In Cdlifornia the outside (tfuck) lanes

- generally are the first to require maintenance while the passing

lanes usually far outlast their design lifetime. This indicates

~that the passing 1anes may be too conservatively designed re]at1ve
to truck Tanes. '

2. Unrealistic Load Safety Factors - Hilsdorf and Kes]er(37)

determined that, based on laboratory tests, the PCA approach provides
very conservative results for 11ght Teads and unrea11stica11y lomg

“calculated fatigue 19ves when heavy loads are considered., Qualita-

t1ve1y, ‘these trends seem to be confirmed by pavement performance
in California. Even an occasional overload can "use up" a dispropor-
tional amount of fatigue 1ife. The use of different load safety
factors for passing and truck lanes is .apparently not completely

‘adequate to compensate for this difference in traffic density.

3. “Ne direct consideration is given ‘to the stress caused by
temperature variation (warping or curiddng) .

4, Thoughik value appears to ‘have a relatively small effect on

design thickness, there is no recognition g1ven to the actual strength
or stiffness .of CTB when determ1n1ng the k-value of the base. Also,

“nNo-way is prov1ded for determ1n1ng the s‘tress in the CTB or LCB under

the PCC..

:5;\‘ The 1n1t1a1 failure of the pavement in most cases consists

of faulting near the Jo1nt due to non-uniform support and/or pumping.
_The des1gn method has no way of d1rect1y conswder1ng this effect or
!1ts cause.
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The main advantage of the AASHTO design method is that it is based

-on the performance of actual PCC pavements under load as observed
 dur1ng the most comprehens1ve study of "in-service" pavement that

has been attempted. The range of loadings used for the test roads
included enough variation to produce results that could be used to
determine effects of single axle loading up to 40,000 pounds and
tandem axle 10ad1ng up to 48,000 pounds. However, the AASHTO
pracedure also has some d1sadvantages, at least with regard to

- California conditions.

-

The subgrade for all the concrete pavements tested as part of the
AASHO effort had an average CBR of between 1.0 and 1.6, which is
equivalent to an R-~value of about 5. Cement stabilized bases were

“used only in conjunction with AC so the performance of PCC supported

by CTB was not evaluated. In addition, the freezing and thawing of
the bases and subgrades that took place is not typical of most areas
of California. The duration of the test was only 2 years, compared
to the 20 year design life commonly used. The shorter 2 Year test .
is probably more severe with regard to damage because the rest periods
between truck loadings, which are known to influence fatigue 1ife,

were only about 1 minute whereas the rest periods would tend to be

much greater for a typical roadway. Also, under actual service
conditions, the averadge strength of the pavement under longer service
would be higher, O0n the other hand, damage due to environmental
conditions (moisture and temperature) could be progressive and, there-
fore, more severe for the longer Tifetime, but the overall advantage
would appear ‘to be with the longer service 1ife if the design of the

pavement is such that environmental conditions are not extreme,

A comparison was made for subgrade and Base conditions similar
to those prevailing in the AASHO road test for concrete pavements.,
The AASHO road test emplioyed six different thicknesses of concrete

(3-1/2" (89 wm), 5" (127 mm), 6-1/2" (152 mm), 9-1/2" (241 mm) ,
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K (279 mm) and 12-1/2" (318 mm)) over aggregate subbases of

3 (76 mm), 6 (152 mm), or 9 inches (228 mm), Figures 11 and 12
show corniparisons of the Ca]ifornia method, using different load
safety factors, with the Texas and AASHTO methods for conditions

lpreva111ng at the AASHO road test. This comparison indicates that

for heavier traffic, both the AASHTO and Texas Pprocedures dictate

_greater PCC thicknesses than does the Caltrans' procedure, particulary

when the commonly used load safety factor (LSF) of 1,3 is used in

‘conJunct1on with the Caltrans' procedure.

.Using a LSFcof T.4 gives results in close agreement witn the Texas
.design method for a TI of 12.5. Figure 13 shows a design

- -comparison for conditions s1m11ar to those prevailing in California

and indicates agreement with the Ca11forn1a desigh method for a

*Joad safety factor of 1,3 at a TI of 10. Both the AASHTO and the

ChhPDF -

“Texas procedures dictate greater th1cknesses than the Caltrans'

method which normally employs a LSF of 1.3 for the truck lanes of

‘Interstate highways and other myltilane highways with considerable

truck traffic. This, in gonjunction with the concentration of
distress in the truck lanes, indicates that the load safety factor
should be greater than the one now used for the truck lane. A
possible modification where1n the LSE increases with TI is shown

in Figure 14. The effect of this: proposed modification is indicated
by a dashed 1ine on Figures 1%, 12, and 13. The proposed modification
should tend to make the present California design method provide

more equal pavement lifetimes for truck and passing Tanes. It will
provide pavement thlcknesses in the truck 1anes that, although greater
than those now provided, will not be excessive in that they would
stil] be less than those dictated byithe Texas and AASHTO procedures

- for heavily traveled highways,’

The cement stab111zed subbase used in tests by PCA to determine
k~vatue adjustment for CTB" had a Tower compressive strength

but about the same st1ffness as typical California CTB. For this
reason, _the subbase character1zat1on used in the PCA concrete
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'pévement design method would appear fo be applicable to California

conditions. If lean concrete base is used instead of CTB, "the
comparable thickness of ‘the LCB could be reduced TO%Haccording to

‘the comparisons of the structural- qua11f1es of CTB and LCB, This

lean concrete base has a strength and stiffness comparable to the
cement treated subbase used in tests by PCA to develop a k-value.
adjustment chart for CTB under PCC airport pavement(40). This

chart indicates equivalent k-values for thicknesses of CTB about

25% less than the PCA chart for highway pavements. For this reasdn,‘

~the 10% difference in required thickness would appear conservat1ve

prdvided the strength of LCB is in the range assumed .

“There is presently no method in common use for determining stresses -

or strains in the CTB or LCB under PCC. If the critical stress
conditions for the CTB are the same as those for PCC pavement, a
modification of the Westergaard method could be used. There is a
probability that‘in‘some cases the critical stress in both concrete
and CTB occurs under edge loéding about half way between joints

" The PCC pavement cracking patterns in the AASHO test(41) 1nd1cates

this possibility. Huang and Wang{30), in studies based on the
finite element method, determined this to be the case for concrete -
pavement, as did Darter, Barenberg and Tabatabaie(32). Because of
the one foot extension of the CTB or LCB beyond the edge of the PCC
pavement that is customary in Ca]1forn1a,.the stress determination
for this case would be difficult, but the finite element method

may be a possible mode of investigation. If the suggested modifica~

tion of the LSF does not provide a more balanced design, it may
become necessary to modify the pavément analysis to include an
examination of the stress and fatigue resistance of the structural
section considering an appropr1ate degree of compos1te act1on
between the PCCP and the CTB or LCB.

The design service period of 20 years now being used in California

should be reviewed. There is a strong feeling in Texas(42) that
20 years is an inadequate design period, especially for urban
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- e

“freew ays. . Highway .designers §n Engla nd(43) also Feel 20 years to
be too short a service 1ife Ffor concrete ,?p.a.vaa-'meWn‘tt'sl, because of greater
_.problems involved 4n ?r-e;pa‘?irr Aas compared to AC - In wrban areas, it
1s unlikely- -that the cu rrent :alignment ‘will be replaced for peri od_s
'well in excess of 20 years. Also, disruptions te traffic are more
| wcostly. For these and other rea sons, it seems highly desimable to
design for longer main tenance-free 11fe. |
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